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I. Introduction
The threat of asteroids impacting the Earth is very real and must be taken seriously. Instead of hoping for a successful mission to the threatening near-Earth object (NEO) when the time comes, or assuming that day will never come, demonstrations of missions to near-Earth asteroids can provide knowledge and experience that may prove vital, should similar missions be needed in the future. The focus of this paper is two-fold: (1) preliminary mission design for direct intercept and rendezvous missions to target NEOs and (2) precision, long-term N-body simulations of asteroid orbits about the Sun. Focus for the mission design portion will be on asteroids 1999 RQ36 and 2011 AG5 due to their high impact probabilities. The work in long-term, precision orbit determination is focused on the asteroid Apophis.
Previous research activities at the Asteroid Deflection Research Center (ADRC) have included asteroid target selection, preliminary hypervelocity nuclear interceptor system (HNIS) designs, and preliminary mission designs to asteroids 1998 SB15, 2003 QC, and 2011 BX10. [1] [2] [3] The preliminary mission designs have included decisions on the launch vehicle, OTV (orbital transfer vehicle) optimization, and initial mission orbit determination using a Lambert solver. Asteroid target selection and mission designs along with general mission analysis are components of an overall, complete mission design concept, previously left separate to focus on the individual components themselves. In this paper target selection and preliminary mission design concepts are combined and treated as components of an overall NEO mission design tool in development at the Iowa State ADRC.
Precision orbit determination is a third component added to the mission design tool to enhance its overall strength. Precise trajectory tracking using an N-body gravitational simulator can prove to be a powerful tool, either to calculate impact probabilities of asteroids with Earth or find the trajectories of perturbed bodies. Together, the the asteroid target selection, preliminary mission design process, and precision orbit tracking components are joined to create the ADRC's Asteroid Mission Design Software Tool (AMiDST) -a multi-purpose, scalable configuration design program for asteroid deflection/disruption missions.
II. Overview of Existing Mission Design Tools

II.A. Pre-Mission Design Process Algorithm
The initial mission design program, used for hypervelocity nuclear interceptor spacecraft (HNIS) to disrupt Earth-threatening asteroids, was primarily a pre-mission design software tool. It was comprised of several functions and subroutines calculating several preliminary design variables. 4 The program assumed the HNIS was comprised of a leader and follower spacecraft carrying a nuclear explosive device (NED) for a penetrated subsurface explosion mission. Using the information about the masses of the HNIS bus and NED payload, mission ∆V or C3 needed to reach a target NEO, and class of launch vehicles to be analyzed, the algorithm begins the process of calculating the payload capacity of the launch vehicles, mission details, and analyzing the solution. A flowchart of the pre-mission design process is provided in Figure 1 . 4 
II.B. An On-line Tool by The Aerospace Corporation
The Aerospace Corporation is developing an on-line tool to aid in the design and understanding of deflection impulses necessary for guarding against objects that are on an Earth-impacting trajectory. Using several variables to characterize the target NEO (warning time, size/density, orbit parameters, etc.) and mitigation mission design parameters (∆V impulse vector, number of days before impact to launch, number of days before impact to deflect, etc.), users can simulate the designed mission transfer from Earth to the target NEO and deflected NEO orbit. After the applied deflection and propagation time, the Earth miss distance would be determined on the Earth B-plane in Earth radii. This on-line tool is still under development, with the hopes of incorporating several more design variables and limitations to only allow feasible mission designs based on current launch and mission capabilities. 
II.C. NASA's Mission Design Software Tools
Through the In-Space Propulsion Technologies Program, in the Space Science Projects Office at NASA Glenn Research Center, several optimization tools have been developed for trajectory and mission optimization, such as MALTO, COPERNICUS, OTIS, Mystic, and SNAP. 6
II.C.1. COPERNICUS
Originally developed by the University of Texas at Austin, under the technical direction of Johnson Space Center, Copernicus is a generalized trajectory design and optimization program that allows the user to model simple to complex missions using constraints, optimization variables, and cost functions. Copernicus can be used to model simple impulsive maneuvers about a point mass to multiple spacecraft with multiple finite and impulse maneuvers in complex gravity fields. The models of Copernicus contain an n-body tool and as a whole is considered high fidelity.
II.C.2. OTIS
The Optimal Trajectories by Implicit Simulation (OTIS) program was developed by the NASA Glenn Research Center and Boeing. OTIS is named for its original implicit integration method, but includes capabilities for explicit integration and analytic propagation. Earlier versions of OTIS have been primarily been launch vehicle trajectory and analysis programs. Since then, the program has been updated for robust and accurate interplanetary mission analyses, including low-thrust trajectories. OTIS is a high fidelity optimization and simulation program that uses SLSQP and SNOPT to solve the nonlinear programming problem associated with the solution of the implicit integration method.
II.C.3. Mystic
Mystic, developed at the Jet Propulsion Laboratory (JPL), uses a Static/Dynamic optimal control (SDC) method to perform nonlinear optimization. The tool is an n-body tool and can analyze interplanetary missions as well as planet-centered missions in complex gravity fields. One of the strengths of Mystic is its ability to automatically find and use gravity assists, and also allows the user to plan for spacecraft operation and navigation activities. The mission input and post processing can be performed using a MATLAB based GUI.
II.D. NASA's General Mission Analysis Tool
Developed by NASA Goddard Space Flight Center, the General Mission Analysis Tool (GMAT) is a space trajectory optimization and mission analysis system. Analysts use GMAT to design spacecraft trajectories, optimize maneuvers, visualize and communicate mission parameters, and understand mission trade space. GMAT has several features beyond those that are common to many mission analysis systems, features that are less common or unique to GMAT. Its main strength over other software choices is GMAT's versatility. Its scripting ability is easy to use and edit without knowledge of computer languages. And, the MATLAB plug-in allows an expansion of the user's ability to personalize each mission. 7
II.E. Asteroid Mission Design Software Tool (AMiDST)
Building from the previously established Pre-Mission Design Algorithm, the AMiDST incorporates all elements of the pre-existing algorithm and expands upon them. Figure 2 shows a flow-chart illustration of the AMiDST. The design tool begins with a choice between analyzing a pre-determined list of target NEOs to design a mission for or build a custom mission design for a personally selected target NEO. With the pre-determined NEO target list, the software follows the Pre-Mission Design Algorithm, described previously, to analyze all launch configurations. This algorithm incorporates estimated mission cost before establishing which is the to be used for further design and analysis. The list of NEOs, shown in Table 1 , within the pre-determined target list is taken from the targets described in Ref. 7 . These asteroids are Amor class asteroids, their orbits do not cross the Earth's path, and therefore pose no threat to the planet. Due to the non-existant threat that these asteroids possess towards Earth, the pre-determined target list option is meant more as an introduction to some of AMiDST's capabilities. A launch date is given for each individual asteroid, leaving no need for too much user input. With the launch date determined and the target defined then the spacecraft's orbital trajectory is well-defined and no longer a concern. The AMiDST analyzes all the possible launch configurations available to complete the mission, the arrival at the target NEO, and the estimated mission costs. The outputs are then made available for the user to examine and understand the results of the NEO mission design analyses. The spacecraft used for missions to these asteroids is the ADRC's HNIS spacecraft design. The results are not limited to a single HNIS design (300-kg NED, 1000-kg NED, or 1500-kg NED), but include all three, and highlights the best mission configuration for each type.
For custom mission designs, the user begins by entering information about the target NEO of interest and the low-Earth orbit (LEO) departure radius. Then the choice is given between two types of spacecraft to be used for the mission, the HNIS concept or a Kinetic Impactor (KI). For HNIS spacecraft, information about the mass of the impactor, follower, and NED are obtained from the user, while in the KI spacecraft case the total mass of the satellite is needed. In either case, the user is prompted with a decision between three mission types: a direct intercept, a direct intercept at a relative speed of 10 kilometers per second, or rendezvous. The software tool then loads the appropriate porkchop plot, showing the total required mission ∆V, where the user can select as many design points as desired, resulting in a set of launch dates and mission durations. Given the launch date(s) and mission duration(s), the transfer orbit between Earth and the target NEO is completely determined by Lambert's Problem, allowing the possible launch configurations for the mission(s) to be analyzed along with their estimated mission cost and compared to come up with the prefered launch configuration for each given mission. The resulting mission trajectories for either the HNIS or KI spacecraft are provided along with the arrival impact angles. Since the purpose of the HNIS design was total NEO disruption, the trajectory of the remaining asteroid fragments are not tracked, however in the case of the KI spacecraft the slightly perturbed NEO is propagated forward in time to see how much the orbit has changed from the original, before the impulse was applied.
II.F. Mission Design Program Comparisons
The trajectory and mission optimization tools developed through the In-Space Propulsion Technologies Program are all rather high fidelity programs. One of the common denominators of all these tools are that they primarily look at the intermediate stage of a mission, the spacecraft trajectory from one target to another. The other two mission stages are more or less overlooked in comparison to the spacecraft's mission trajectory. The AMiDST does not currently possess the high-fidelity trajectory optimization of Copernicus, Otis, or Mystic, but instead focuses on the launch and terminal phase of an NEO mission.
Looking into several launch vehicle and spacecraft configurations to complete a given mission design to a designated target NEO, the mission design software evaluates the possible combinations based upon several evaluation criteria such as space in the launch vehicle fairing, mission ∆V requirements, and excess launch vehicle ∆V. A staple of this mission design tool is the evaluation of estimated total mission cost, the determining factor between mission configurations in the cases where more than one launch configuration can result in a successful mission.
The terminal phase of an NEO mission currently is limited to kinetic impact perturbations to a target NEO's orbital trajectory. Using the impact angle and arrival velocities of both the spacecraft and target NEO, along with both masses, the trajectory of the perturbed asteroid is tracked in order to find how much the trajectory is altered from the previous unperturbed orbit. Depending on the chosen NEO, a mission can be designed to explore the capabilities of a kinetic impactor on a target NEO or to design a mission to deflect the target NEO from its Earth-impacting trajectory.
III. Reference Target Asteroids
Near-Earth Objects are asteroids and comets with perihelion distance (q) less than 1.3 astronomical units (AU). The vast majority of NEOs are asteroids, which are referred to as Near-Earth Asteroids (NEAs). NEAs are divided into three groups (Aten, Apollo, Amor) based on their perihelion distance, aphelion distance (Q), and semi-major axes (a). Atens are Earth-crossing NEAs with semi-major axes smaller than Earth's (a < 1.0 AU, Q > 0.983 AU). Apollos are Earth-crossing NEAs with semi-major axes larger than Earth's (a > 1.0 AU, q < 1.017 AU). Amors are Earth-approaching NEAs with orbits exterior to Earth's but interior to Mars' (a > 1.0 AU, 1.017 < q < 1.3 AU). 8 Figure 3 shows representative orbits for the three class of asteroids in reference to Earth's orbit. With the wide array of choices to select target NEOs from, the results presented in this paper will mainly focus on two Apollo class asteroids, 1999 RQ36 and 2011 AG5. Both asteroids have relatively high impact probabilities with the Earth in the future, making them important objects for study.
III.A. Asteroid 1999 RQ36
Asteroid 1999 RQ36 is the target of NASA's OSIRIS-Rex Mission. Table 2 shows the asteroid's referenced orbital elements on March 14, 2012 and Figure 4 shows a depiction of the orbit in reference to the Solar System's inner planets. Based on 1999 RQ36's orbit being so close to the Earth, and small inclination from the Earth's orbital plane, it is a very good target for study due to its low ∆V requirements. Astronomers have the chance to observe the asteroid every six years, when 1999 RQ36 comes close to the Earth. By the late 2000s, 1999 RQ36 was probably one of the best-studied near-Earth asteroids that had not been visited by spacecraft. The new observations of the asteroid will not only effect mission planning and development, but will directly address two key OSIRIS-Rex mission goals described below.
The OSIRIS-Rex mission is the third mission selected for development as a part of NASA's New Frontiers Program, after New Horizons and Juno. OSIRIS-Rex is the first United States mission to bring samples from an asteroid back to Earth, and will increase our understanding of asteroids while possibly shedding new light on the origin of life on Earth. The target for the mission is 1999 RQ36, the most accessible organic-rich asteroid from the early solar system. 10 Another mission objective of NASA's OSIRIS-Rex mission is to directly measure a small force called the Yarkovsky effect. The Yarkovsky effect is defined as the force produced by asteroids from the way they absorb and re-radiate the energy from the Sun in the form of heat. While the orbital perturbation caused by the propulsive force produced by this radiation of heat is small, on the order of fractions of a kilometer per year, over a long enough period of time that persistent thrusting force can even transfer asteroids from the main belt to the inner solar system. 11 Expected to launch in September 2016, OSIRIS-Rex would encounter 1999 RQ36 in October 2019. After encounter, the spacecraft would globally map the surface of the asteroid for about a year and a half and obtain at least 60 grams of sample surface material. The retrieved material would then return to Earth in September 2023 in a Stardust-heritage Sample Return Capsule (SRC). The samples in the SRC would then be delivered to NASA Johnsn Space Center (JSC) curation facility for distribution. Using an Atlas V 401 launch vehicle, OSIRIS-Rex would launch in September 2016 and undergo a deep-space manuever (DSM) in January 2017 before obtaining an Earth Gravity Assist (EGA) in September 2017 to aquire 1999 RQ36 in October 2019. This flight schedule encompasses the outbound cruise phase for the spacecraft. Asteroid operations would be conducted between October 2019 and March 2021, during which time the surface regolith will be obtained and the asteroid surface will be mapped. OSIRIS-Rex would depart 1999 RQ36 in March 2021 and cruise until its sample return in late September 2023. Lockheed Martin is principally responsible for the building of the OSIRIS-Rex spacecraft. The total mission costs are estimated to be $1.079 billion dollars, including the cost of the launch vehicle. 12 Figure 5 . Illustration of the orbit of asteroid 2011 AG5 in reference to Earth's and Mars' orbits. Table 3 and the orbit diagram is shown in Figure 5 .
More observations of 2011 AG5 are necessary to attempt to see whether the impact probability of the asteroid with Earth will decrease, especially since there is such limited observational data. Given the highly eccentric nature of the orbit, asteroid 2011 AG5 will complete one orbit in the time that it would take Earth to complete a little more than an orbit and a half of its own, therefore making observations of the asteroid a bit more difficult and each encounter more important to discerning orbital information. With such a small time period until 2011 AG5 may possibly impact the Earth, it is essential to be planning for the chance that action must be taken to mitigate its threat.
IV. Lambert's Problem
Lambert's Problem is characterized by two position vectors and a time of flight between them, so in this context is an initial orbit-determination technique. While the two position vectors and the time of flight between them is known, the orbit between the two endpoint vectors is not yet fully known. There exist several formulations of this problem such as the minimum energy method, Gauss's solution, the universal variables method, and Battin's method. The technique used to obtain the results in this paper is the Lambert-Battin method which uses continued fractions to guarantee convergence and does not suffer from the 180 • -transfer difficulty of most Lambert routines. 13 The solution to Lambert's Problem allows for the examination of several useful situations. For initial orbit determination, the Lambert techniques result in velocity vectors from sets of observed position vectors. The problem could also be two positions in one orbit, known as a transfer orbit, used to plan maneuvers of a body between two separate positions. Another application of Lambert's Problem is the case where the two positions vectors lie in two separate orbits. 13 The latter case is the application to which Lambert's Problem is being used to solve, where the spacecraft begins in an orbit about the Earth (in Earth's solar orbit) and ends in the target asteroid's orbit.
The solutions from Lambert's Problem, in the case of finding a transfer orbit from one orbit to another given the position vectors in those orbits and the transfer time, are the two velocity vectors within the transfer orbit. Removing the speed that the spacecraft would be travelling at insertion into the transfer orbit and only taking into account the speed change necessary for arrival at the asteroid's orbit, the total change of velocity (∆V) to connect the two orbits is left. Mapping a set of those ∆V's against the corresponding spacecraft departure dates and mission durations creates what is known as a porkchop plot. Within the AMiDST, mission designs use porkchop plots to determine key mission parameters.
Porkchop plots are contour plots of ∆V plotted on a grid on launch dates (x-axis) and mission duration (y-axis). Using the starting position vector of the Earth, a mission length, and the final position of the given asteroid, Lambert's Problem fits a transfer orbit with an initial and final velocity vector that will deliver a spacecraft from the first position to the second in the given amount of time. A grid search approach for potential launch dates spanning a period of 10 years (Jan. 1, 2014 to Jan. 1, 2024) in conjuction with various transfer durations of at least 90 days to a maximum of five years was executed for asteroid 1999 RQ36. Asteroid 2011 AG5 was also analyzed, with potential launch dates spanning a 25 year period (Jan. 1, 2020 to Jan. 1, 2045) and the same transfer durations. Ephemeris files for the two asteroids were downloaded from NASA's Horizons system. Only direct transfer orbits were considered in this study. For each asteroid there are three separate contour plots, showing the total ∆V requirements for an intercept, intercept at 10 km/s, and rendezvous mission. For consistency, the various porkchop plots depict contour lines varying from 4 kilometers per second up to 20 km/s. While there are some possible mission design points at the edge of the maximum mission duration, they would not be any lower than the minimum ∆V pockets found between 90 and 365 days. Therefore, the depicted design spaces are limited to mission durations between 90 and 1000 days, wide enough to show the redundancy within the launch windows yet narrow enough to not overly saturate the plot with design points.
V. Examples of PDT Demonstration Mission Design
For the sake of simplicity and space, only a couple of the important variables are shown for each target selected for planetary defense technology (PDT) demonstration missions. Table 4 shows the suggested launch vehicles and estimated mission cost to deliver an HNIS spacecraft carrying a 300-kg, 1000-kg, and 1500-kg NED to the selected target asteroids. More detailed results for each Table 4 . Preferred launch vehicles to be used for PDT demonstration missions and estimated mission costs for 300 kg NED/1000 kg NED/1500 kg NED HNIS spacecraft.
Target NEO Launch Vehicle Estimated Mission Cost ($)
Delta of these missions can be found by running the AMiDST program and selecting the pre-determined target list for analysis. In some instances, the resulting launch vehicle and cost is listed as NP, standing for "not possible", because given the total mass of the HNIS, target asteroid, departure date, transfer duration, and total departure ∆V combination none of the currently existing launch vehicles can place the spacecraft into the 0-revolution direct transfer orbit necessary to meet the required criteria. That is not to say that a mission to these target asteroids is impossible, because it can clearly be seen that with a less massive spacecraft a mission can be designed for any of the given NEOs. At least one of the mission criteria would have to be altered for a succesful mission, giving rise to the ability to create a custom mission to any given asteroid.
VI. Asteroid 1999 RQ36 Mission Design Example
VI.A. Rendezvous Mission Design
With the potential impact between Earth and 1999 RQ36 occurring in the late 22nd century, there is plenty of time to perform a scientific mission to RQ36 such as NASA's OSIRIS-Rex, to study the asteroid's composition and orbit for example, before having to resort to a deflection mission to mitigate the asteroid's threat to Earth. Without a specially designated spacecraft type for rendezvous missions, the general type of spacecraft used during the analysis would be an Orbiter, meaning that the main piece of information needed by the program is the overall mass of the spacecraft, which was chosen to be 1500 kg in this case. And with the rendezvous mission type selected, a graphic user-interface (GUI) prompts the user to select a design point from the corresponding contour plot, Figure 6 . While the entire design space is open for selection, the design point used for this particular example is shown by the cross-hairs in the figure and is encased by the black box. At the time of rendezvous, the spacecraft will be encountering at a 2.49 degree angle. At that point in time, 1999 RQ36's velocity will be 33.52 km/s while the spacecraft's would be about 32.6 km/s. Relative to the asteroid, the spacecraft would have to gain almost 1.7 km/s of additional speed to match the asteroid's speed, implying that part of the 1500 kg spacecraft mass would be a propulsion system capable of imparting the necessary ∆V. All this information is relatively useless unless there is a suitable launch vehicle capable of putting the aforementioned spacecraft into orbit. The AMiDST analyzes several configurations of Delta II, Delta IV, and Atlas V launch vehicles to find the most cost-efficient launch vehicle capable of successfully completing the desired mission. The resulting launch vehicle best suited for this mission is deemed to be a Delta IV Medium. The associated mission parameters are listed in Table 5 . Estimated mission costs are evaluated based on the same algorithm established in the Pre-Mission Design Algorithm. The mission cost is broken up into three components: (1) the cost to fabricate the spacecraft, based on its mass compared to similar spacecraft costs, (2) the current cost of the chosen launch vehicle, and (3) a 30% margin added in for mission operations cost and miscellaneous expenditures -summed together to get the final figure. The price attached to the mission is considered to be an upper-bound due to the added margin, but due to the uncertainty in these mission designs, the estimated mission cost should only be seen as an estimate. For the above case study, the estimated mission comes out to be nearly $750M to manufacture the 1500-kg spacecraft, purchase a Delta IV Medium launch vehicle, and conduct various mission operations. It can be noted that the design point for the OSIRIS-Rex mission does not appear in the rendezvous contour map. Given that the current study is limited to 0-revolution direct transfers, and OSIRIS-Rex is a multi-revolution mission that will have an Earth fly-by before encountering 1999 RQ36, the OSIRIS-Rex mission design has not been duplicated. However, it can be seen that there are comparable alternative missions to NASA's latest scientific endeavour.
VI.B. HNIS Disruption Mission Design
As an extension to the HNIS mission designs conducted at the ADRC in the past, an HNIS disruption mission to asteroid 1999 RQ36 was conducted using the AMiDST. Due to 1999 RQ36's large mass and size, the chosen HNIS configuration is the 1500 kg NED spacecraft. In this configuration, the HNIS has a 670 kg impactor and a 3550 kg follower carrying a 1500 kg NED. With the spacecraft configuration and mission type coordinated, the AMiDST proceeds to load the appropriate contour plot for the user to pick the desired design point. The cross-hairs and black box on Figure 8 show the region from which the design point was chosen from. The selected design point for this HNIS disruption mission is chosen to occur at a late launch date within the 10 year time period. The desired launch date comes out to be December 6, 2022 with a mission duration of 233 days. Given the launch date and mission duration pair, the resulting departure ∆V from the 185-km circular low-Earth orbit is just over 4 km/s. From these mission parameters, the spacecraft's trajectory is plotted in red along with the Earth's path (green line) and 1999 RQ36's trajectory (blue line) over the mission timespan in Figure 9 on the left. The HNIS would depart from Earth (red triangle) on December 6, 2022 and travel for 233 days until it would encounter the target NEO on July 27, 2023 (red circle).
On the right side of Figure 9 , there is a depiction of the arrival conditions for the HNIS with respect to 1999 RQ36. Arriving at 1999 RQ36 on July 27, 2023 the HNIS would be travelling at about 26.5 km/s at a 16.1 degree angle to the target NEO's 28.7 km/s velocity, resulting in about an 8-km/s velocity difference, too large for a normal fusing system to survive at impact and confirming the choice of the HNIS configuration. Thanks to the large spacecraft mass and required departure ∆V, the only launch vehicle capable of completing the given mission is the Delta IV Heavy. With such a powerful launch vehicle and massive spacecraft comes a large price tag as well, the estimated mission cost for this nuclear disruption mission is nearly $1.8B. Table 6 gives all the pertinent HNIS disruption mission parameters.
VII. Asteroid 2011 AG5 Mission Design Example
VII.A. Rendezvous Mission Design
Being such a recent discovery, asteroid 2011 AG5's oribt is still relatively unknown. Based on what is known about the asteroid's orbit however indicates that there is relatively high impact probability with the Earth, compared to other NEOs. Therefore, there is a need to better understand 2011 AG5's orbit so as to refine that impact probability. A rendezvous mission to the target NEO would be one way to accomplish this task. A spacecraft of mass 1200 kg is chosen for this case study. Together with the rendezvous mission type, a launch date and mission duration are chosen from the rendezvous contour plot for asteroid 2011 AG5, Figure 10 . The cross-hairs and black box in the figure show the region of the grid where the design point was chosen from. The chosen launch date and mission duration pair contains an April 29, 2028 launch date and 280 day mission transfer time. The departure date comes from one of the more feasible launch windows in the 25-year time frame. The launch window is wider than the window that opens in early 2023, and is still early enough for an adequately long mission studying the asteroid, assessing its composition, size, and threat to planet Earth. The spacecraft would arrive at 2011 AG5 in Febraury 3, 2029, and could conduct proximity operations for a year or two before another decent launch window presents itself to launch a deflection mission if the asteroid's threat is deemed great enough to warrant action. On the left side of Figure 11 the transfer trajectory of the rendezvous satellite, illustrated by the red line, is depicted from Earth, whose orbit during the transfer time is shown in green, to the target NEO, portrayed by the blue line. The satellite's departure and arrival points are represented by the red triangle and circle, respectively.
The right side of Figure 11 shows the terminal conditions of the spacecraft's rendezvous with asteroid 2011 AG5. Since the spacecraft would be encountering the target NEO far from the Sun, the spacecraft would have more energy than the asteroid, requiring it to lose speed on approach to ensure a successful capture. The given transfer trajectory conditions create a 6.32 degree arrival angle between the target asteroid and spacecraft. At the end of the transfer trajectory the asteroid would only be moving at about 16.7 km/s, while the spacecraft would be travelling approximately 17.3 km/s, leaving the spacecraft to carry almost 2-km/s of ∆V to be used for braking purposes.
Despite the large departure ∆V of nearly 4.7 km/s, the spacecraft's low mass allows for a smaller launch vehicle to complete the mission design, saving the mission a considerable amount of cost. The launch vehicle deemed most appropriate for this 2011 AG5 rendezvous mission is the Delta IV Medium. As a whole, this mission comes out to be relatively cheap compared to the previous mission designs, estimated to cost a little over $655M. A brief summary of the important mission design parameters are given in Table 7 .
VII.B. HNIS Disruption Mission Design
If asteroid 2011 AG5 were deemed a realistic threat to the survival of the planet, a deflection/disruption mission would need to be launched. An important thing to remember when selecting a launch date for a deflection/disruption mission to a target NEO is to give plenty of time for the perturbed asteroid or asteroid debris to settle into its/their new orbit(s). Again, an HNIS design is used for this particular disruption mission case study. The right side of Figure 13 shows the anticipated encounter between the HNIS and target NEO. Arrival at 2011 AG5 from the given trajectory will result in an impact angle of about 14.3 degrees. Such an arrival angle results in a relative velocity between the asteroid and the HNIS of over 9 km/s. High relative impact velocities, similar to the one present in this mission, are the reasons why the ADRC has been developing the HNIS concept. Since 2011 AG5's mass is estimated to be smaller than that of 1999 RQ36, the 300-kg NED HNIS design was chosen for this mission. The pertinent mission parameters for this direct intercept disruption mission are given in Table 8 . The departure ∆V for this case study is the highest of all the case study missions at just under 6 km/s. The departure ∆V (4.7 km/s versus 6 km/s) and spacecraft masses (1200 kg versus 1843 kg) between the two 2011 AG5 missions are pretty similar, there are large distinctions in the resulting launch configurations and mission cost. Unlike the 2011 AG5 rendezvous case where a smaller launch vehicle was preferred to the larger launch vehicles, an Atlas V 551 launch vehicle is needed to impart the required change in velocity from low-Earth orbit. Also, the estimated mission cost for this disruption mission is nearly $1B. It is interesting to note that while there are several regions where a feasible mission can be designed, there are many more design points where there is no feasible launch configuration that will apply enough ∆V to inject the spacecraft into the required direct transfer orbit.
VIII. Precision Orbit Simulation
In 1990, Congress directed NASA to find ways to increase the rate of discovery of near-Earth objects (NEOs). 14 From those efforts, there are occasions where objects are seen to be on a potential Earth-impacting trajectory. The accurate prediction of such Earth-impacting trajectories often require high-fidelity N-body models, containing the effects of non-gravitational orbital perturbations such as solar radiation pressure. Having a highly precise asteroid orbit brings about many advantages: more specific mission planning, higher certainty of the target's location, and more accurate impact probability.
VIII.A. Orbit Simulation
The orbital motion of an asteroid is governed by a so-called Standard Dynamical Model (SDM) of the form 14
where µ = GM is the gravitational parameter of the Sun, n is the number of perturbing bodies, µ k and r k are the gravitational parameter and heliocentric position vector of perturbing body k, respectively, and f represents other non-conservative orbital perturbation acceleration. Previous studies performed at the ADRC were concerned with the impact probability of potential Earth-impacting asteroids, such as 99942 Apophis. Using commercial software such as NASA's General Mission Analysis Tool (GMAT), AGI's Satellite Tool Kit (STK), and Jim Baer's Comet/asteroid Orbit Determination and Ephemeris Software (CODES), the ADRC conducted precision orbital simulation studies to compare with JPL's Sentry program. 15 
VIII.B. Current Work and Capabilities
Currently there are three main asteroids of interest being studied at the ADRC for high precision orbit tracking, Apophis, 1999 RQ36, and 2011 AG5. These three asteroids are of great interest because of their proximity to Earth and their relatively high impact probability. aforementioned results uses a Runge-Kutta Fehlberg (RKF) 7(8) fixed-timestep method, including the orbital perturbations of all eight planets, Pluto, and Earth's Moon.
IX. Future Work
Work is being done to expand the numerical integration scheme used for the N-body simulator from the current RKF7(8) method to an Adams-Bashforth variable timestep numerical integration scheme. The Runge-Kutta-Fehlberg method is used for approximating the solution of a differential equationẋ(t) = f(x,t) with initial condition x(t 0 ) = c. The implementation evaluates f(x,t) thirteen times per step using embedded seventh order and eight order Runge-Kutta estimates to estimate not only the solution but also the error. The Adams-Bashforth numerical integrator solves the initial value problem for stiff or nonstiff systems of first order Ordinary Differential Equations (ODEs). and incorporates the use of the Jacobian matrix df/dx to calculate the solution to the system at the next point in time.
In addition to the major planetary perturbations, non-gravitational orbital perturbations such as solar radiation pressure and the Yarkovsky effect will be added into the pre-existing N-body gravitation model in order to have a more encompassing dynamical model. With the introduction of such non-conservative forces the error within the system will increase, but the expected increase in orbital accuracy should out-weigh the benefits of leaving them out of the dynamical model. A more complete dynamical model will allow the accurate calculation of asteroid impact probabilities and gravitational keyholes, leading to more effective mission designs.
With the multitude of variables to track and optimize in order to find the optimal design for a mission to a target NEO, the use of a GPU based genetic algorithm will be utilized in conjuction with the AMiDST program to find the optimal mission design. 16 Genetic algorithms are a stochastic optimization method, which means that it requires no initial guess to find solutions. Through the use of a genetic algorithm, a pre-determined cost function would be able to evaluate the randomly generated and evolved solutions, taking into account the launch date, mission trajectory, transfer duration, launch vehicle, estimated mission cost, etc. all at once instead of component by component, to arrive at the globally optimal solution.
X. Conclusion
In this paper, the various aspects of the Asteroid Mission Design Software Tool (AMiDST), which is being developed at the Iowa State ADRC, have been presented for preliminary mission designs of direct intercept and rendezvous of reference target NEOs, such as 1999 RQ36 and 2011 AG5, as well as the accurate tracking of asteroid Apophis in long-term, N-body gravitational simulations. This paper has shown that the AMiDST is capable of accurately simulating the orbit of a body around the Sun, taking into account graviational perturbations of the eight planets, Pluto, and Earth's Moon, as well as various designs for direct intercept and rendezvous missions to Earth-threating asteroids. Despite the odds of Earth being struck by an asteroid of sufficient size to worry about deflection missions to those threatening bodies, the day may come when the Earth is truly in danger. When that day arises, software tools like the one described in this paper can provide a first-order approximation and critical knowledge that can be pivotal to the success of a real mission to a target NEO.
